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RESEARCH
Numerous perennial grass species are undergoing intensive research and development as dedicated bioenergy feedstocks. 
Switchgrass (Panicum virgatum L.) is one of the more prominent and 
visible of these species, having been chosen by the US Department 
of Energy as its model herbaceous feedstock (Sanderson et al., 2006). 
Biomass yield is the principal limitation to economically viable and 
sustainable biomass production from switchgrass, particularly in the 
northern United States, where growing seasons are short (Perrin 
et al., 2008). Early efforts to improve biomass yield of switchgrass 
focused on long-term, field-based selection and breeding com-
bined with agronomic experiments to determine optimal adaptation 
regions for existing cultivars (Casler et al., 2004, 2007; Casler and 
Vogel, 2014). More recent efforts have focused on increasing the 
breadth of germplasm collection and selection for winter survival 
within late-flowering populations, which are designed to extend the 
biomass growth cycle through the end of the growing season (Casler, 
2014; Casler and Vogel, 2014). Together, these efforts have increased 
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ABSTRACT
Switchgrass (Panicum virgatum L.) is 
undergoing development as a biomass crop 
to support conversion of cellulosic biomass to 
energy. To avoid the competition of biomass 
with food or feed crops, most commercialization 
proposals suggest that switchgrass should 
be grown exclusively on marginal lands that 
are not fit for food or feed production. The 
objective of this study was to investigate the 
potential for cultivar ́  environment interactions 
that would affect the methods and approaches 
for breeding and evaluating switchgrass 
cultivars, including both upland and lowland 
types, for high-input versus low-input types of 
environments. Biomass yield was measured on 
14 cultivars that were present in 28 replicated 
field experiments representing seven regions, 
ranging from 75 to 100° W and spanning 
USDA Hardiness Zones 4 through 7. Region 
was the most important environmental factor 
interacting with cultivars, supporting the idea 
that the north-central and northeastern United 
States should have independent switchgrass 
breeding programs. Cultivars interacted with 
soil phosphorus concentration in New Jersey 
and with depth of the A and B horizons in 
New York and showed mild interactions 
with rate of nitrogen fertilizer at several 
locations. Cultivar rank correlation coefficients 
between the two rates of nitrogen fertilization 
(100 vs. 0 kg N ha−1) ranged from 0.23 to 0.88, 
suggesting a possible benefit to breeding and 
selection without applied nitrogen fertilizer.
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biomass yield by ~50% in northern climates with optimal 
growing conditions (Casler, 2014; Casler and Vogel, 2014).
A considerable amount of selection and breeding of 
switchgrass, as well as some agronomic research, is conducted 
on public agricultural experiment station lands, which are 
often sited on prime farmland (McLaughlin and Kzsos, 2005; 
Parrish and Fike, 2005; Casler et al., 2012). In addition, it is 
common practice to apply nitrogen (N) fertilizer to switch-
grass breeding nurseries and research plots, usually in the 
range of 40 to 100 kg N ha−1 (Casler et al., 2012). Levels of N 
fertilizer are designed to replace N removed in the previous 
season’s biomass crop but are not so high as to lead to leaching 
from the soil (Vogel et al., 2002). Nevertheless, the practice 
of growing switchgrass for biomass on prime farmland with 
N fertilizer is at odds with the growing philosophy toward 
low-input and sustainable biomass production that does not 
compete with agriculture for human food (Gopalakrishnan 
et al., 2011; Mitchell et al., 2012; Gelfand et al., 2013).
World population growth and global climate change are 
placing more pressure on agriculture to meet human nutri-
tional needs, which in turn places pressure on the bioenergy 
industry to produce biomass without displacing food or feed 
production (Kang et al., 2013; Shortall, 2013). While there 
are various definitions of marginal lands, and land can be 
“marginal” for many reasons, one universal definition can be 
generalized as land that fails to meet local minimum thresh-
olds for economic production of food or feed crops (Shortall, 
2013; Richards et al., 2014). With appropriate policies, incen-
tives, and infrastructures, some lands that are marginal for 
food or feed production could be used for biomass production 
(Kang et al., 2013; Shortall, 2013; Milbrandt et al., 2014). For 
example, proposals have been advanced to produce biomass 
on nonirrigated pivot corners (Uden et al., 2013), reclaimed 
surface mines (Brown et al., 2016), and buffer strips sur-
rounding sensitive surface waters (Hernandez-Santana et al., 
2013; Porter et al., 2015), all within regions where food and 
feed are produced on prime farmland.
Development of dedicated and sustainable biomass 
crops will require efficient plant breeding, cultivar evalu-
ation, and agronomic production systems. Optimally, 
these systems should be developed and deployed on lands 
representative of those where the biomass crops will be 
grown (Brummer et al., 2011; Brummer and Casler, 2014). 
Switchgrass is highly sensitive to genotype ´ environment 
(GE) interactions, in which cultivar rankings vary widely 
under differing environmental conditions (Casler et al., 
2004, 2007, 2012). Temperature, photoperiod, and mois-
ture availability are all important drivers of GE interactions 
in switchgrass, but little to nothing is known about the role 
of soil conditions in driving GE interactions in switchgrass. 
Rose et al. (2007) showed that genetic improvement in 
biomass yield was greater under low-yield environments 
(LYEs) versus high-yield environments (HYEs), where 
the environmental difference was due to a combination 
of irrigation and fertilization with N, phosphorus (P), and 
potassium versus none of these inputs.
In the current study, we investigate GE interactions of 
switchgrass cultivars, specifically in response to two factors: 
soil quality and N fertilizer. Our experiments were conducted 
across a broad landscape, spanning the northern United States 
from the 75th to the 100th meridian and a wide range of soil 
types. Specifically, our objective was to determine the rela-
tive importance of GE interactions for switchgrass cultivars 
where the environment is divided into three independent 
factors: geographic region, soil quality within region, and N 
fertilizer within soil quality and region. The central question 
was: are there substantial changes in the ranking of cultivars 
for biomass yield under different soil quality or N fertiliza-
tion conditions? More specifically, is there any danger in 
missing the target of improving production on marginal soils 
if breeding is conducted on prime soils?
MATERIALS AND METHODS
Field experiments were planted in seven regions in April or May 
2008 or 2009: Maryland, New Jersey, New York, central Pennsyl-
vania, northwestern Pennsylvania, South Dakota, and Wisconsin 
(Table 1). Several experiments failed to establish in 2008, and 
these were replanted in 2009 (Table 1). Two soil quality catego-
ries were chosen within each region, meant to represent prime 
and marginal farmland. Because the definition of prime versus 
marginal farmland varies widely (Richards et al., 2014), there 
were several defining characteristics used to make the distinc-
tion between prime and marginal sites (Table 1). In all cases, it 
should be stressed that these were hypothetical designations—we 
hypothesized that each of the prime versus marginal designa-
tions would have an impact on adaptation and performance of 
switchgrass but did not have any definitive a priori knowledge of 
this effect. Two regions were based on similar soils that differed 
in presence or absence of a fragipan (two Pennsylvania regions). 
The New York sites differed in depth of the A and B horizons. 
The Maryland sites differed in drainage due to differential soil 
type. The New Jersey sites differed slightly in the depth of the 
A horizon and A-horizon fertility but had a large difference in P 
concentration. One region was based on clay content and depth 
to bedrock (South Dakota). Lastly, one region (Wisconsin) was 
based on pH differences, established over 30 yr of continuous 
maize (Zea mays L.) production, confirmed by soil tests.
Within the 14 sites defined by regions and soil categories 
(Table 1), two experiments were planted, one to be treated with 
N fertilizer and one to be kept unfertilized. Each of the 28 
experiments was designed as a randomized complete block with 
three replicates (or four replicates for the Hancock, WI, experi-
ments). Plot size varied across locations, according to available 
equipment (Table 1). Fourteen cultivars were included in each 
experiment (Table 2). Seed for all cultivars was stratified by Ernst 
Conservation Seed 60 d prior to planting, according to Shen et al. 
(2001), and germination tests were conducted by the Ohio Seed 
Improvement Association in the winter 2008–2009 to determine 
pure live seed (PLS) seeding rates. Seeding rates of all cultivars 
were standardized to ~6 kg PLS ha−1. Switchgrass seeds were 
also treated with Raxil (tebuconazole + triflumuron), Thiram 
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Plots were allowed to grow without clipping during the 
establishment year. Prior to initiation of growth in spring of 
the first production year, half of the field experiments, as pre-
determined, were fertilized with 100 kg N ha−1. Biomass yield 
was harvested a single time for each experiment, shortly before 
or after killing frost. Biomass was harvested using either a flail 
chopper (Wisconsin and South Dakota) or a sickle-bar harvester 
(tetramethylthiuram disulfide), and Poncho (clothianidin) to 
improve germination. Plots were planted either by broadcasting 
seed (New Jersey) and cultipacking (Maryland) or in drill rows 
with 15-cm spacing (all other regions). All locations were planted 
during optimum switchgrass germination periods during the late 
spring to early summer of 2008 and/or 2009. No herbicides were 
used during the establishment year.
Table 1. Characteristics of the seven regions used to evaluate switchgrass cultivars.
Location and 
establishment year
Soil 
category
Prime vs. marginal 
defining characteristic Soil series and taxonomy Latitude Longitude HZ† Plot size‡
° N ° W m
Snow Hill, MD 
2009
Prime Well-drained, sandy loam Sassafras sandy loam (Fine-loamy, 
siliceous, semiactive, mesic Typic 
Hapludults)
38.22 75.38 7b 1.7 ´ 1.8 
(0.9 ´ 1.8)
Snow Hill, MD 
2009
Marginal Poorly drained, low area Othello silt loam (Fine-silty, mixed, 
active, mesic Typic Endoaquults)
38.22 75.38 7b 1.7 ´ 1.8 
(0.9 ´ 1.8)
Adelphia, NJ 
2009
Prime High P (400–700 mg kg−1); 
27-cm A horizon
Freehold sandy loam soil (fine-loamy, 
mixed, active, mesic Typic Hapludults)
40.23 74.25 7a 1.8 ´ 1.8 
(0.9 ´ 1.8)
Somerset, NJ 
2009
Marginal Low P (30–60 mg kg−1); 
20-cm A horizon
Klinesville loam (loamy-skeletal, 
mixed, active mesic Lithic 
Dystrudepts)
40.47 74.53 7a 1.8 ´ 1.8 
(0.9 ´ 1.8)
Ithaca, NY 
2009
Prime AB horizons 60 cm; no 
fragipan
Niagara silt loam (fine-silty, mixed, 
mesic Aeric Ochraqualfs)
42.45 76.45 5b 1.1 ´ 3.6 
(0.9 ´ 3.6)
Ithaca, NY 
2008
Marginal AB horizons 30 cm; fragipan Langford silt loam (fine-loamy, mixed, 
mesic Typic Fragiochrepts)
42.47 76.44 5b 1.1 ´ 3.6 
(0.9 ´ 3.6)
Rock Springs, PA 
2008
Prime AB horizons 90 cm; no 
fragipan
Hagerstown silt loam (fine, mixed, 
semiactive, mesic Typic Hapludalfs)
40.72 77.94 6b 1.9 ´ 3.0 
(1.5 ´ 3.0)
Rock Springs, PA 
2008
Marginal Poorly drained; depth to 
fragipan ~60 cm
Andover silt loam (fine-loamy, mixed, 
mesic Typic Fragiaquults)
40.70 77.95 6b 1.9 ´ 3.0 
(1.5 ´ 3.0)
Rockton, PA 
2010
Prime AB horizons 90 cm; no 
fragipan
Clymer loam (coarse-loamy, siliceous, 
active, mesic Typic Hapludults)
41.12 78.65 5b 1.9 ´ 3.0 
(1.5 ´ 3.0)
Rockton, PA 
2010
Marginal Poorly drained; depth to 
fragipan ~20 cm
Brinkerton silt loam (fine-silty, mixed, 
superactive, mesic Typic Fragiaqualfs)
41.12 78.65 5b 1.9 ´ 3.0 
(1.5 ´ 3.0)
Aurora, SD 
2008
Prime Well-drained and deep silty 
clay
Brandt silty clay (fine-silty, mixed, 
mesic, superactive, frigid Calcic 
Hapludolls)
44.30 96.67 4b 0.9 ´ 6.1 
(0.9 ´ 6.1)
Pierre, SD 
2008
Marginal Depth to bedrock ~80 cm; 
heavy clay
Opal clay (fine, smectitic, mesic Leptic 
Haplusterts)
44.36 100.00 4b 0.9 ´ 6.1 
(0.9 ´ 6.1)
Hancock, WI 
2008
Prime pH = 7.0 Plainfield loamy sand (mixed, mesic 
Typic Udipsamments)
44.11 89.55 4b 1.7 ´ 1.8 
(0.9 ´ 1.8)
Hancock, WI 
2008
Marginal pH = 4.5 Plainfield loamy sand (mixed, mesic 
Typic Udipsamments)
44.11 89.55 4b 1.7 ´ 1.8 
(0.9 ´ 1.8)
† HZ, USDA hardiness zone (http://planthardiness.ars.usda.gov/PHZMWeb/).
‡ Harvested area in parentheses.
Table 2. Switchgrass cultivars included in field evaluation experiments.
Cultivar Classification group Ecotype Geographic origin Hardiness zones
Alamo Southern lowland Lowland Southern Texas 6, 7, 8, 9
BoMaster Southern lowland Lowland Southeastern USA 6, 7, 8
Performer Southern lowland Lowland Southeastern USA 6, 7, 8
High Tide† Northern lowland Lowland Northeastern Maryland 5, 6, 7
Kanlow Northern lowland Lowland Northern Oklahoma 6, 7, 8
Timber Northern lowland Lowland Southeastern USA 6, 7, 8
Blackwell Southern upland Upland Northern Oklahoma 5, 6, 7
Carthage Southern upland Upland Central North Carolina 5, 6, 7
Cave-in-Rock Southern upland Upland Southern Illinois 4, 5, 6, 7
KY 1625 Southern upland Upland Southern West Virginia 5, 6, 7
Pathfinder Southern upland Upland Eastern Nebraska and Kansas 4, 5, 6
Shawnee Southern upland Upland Southern Illinois 4, 5, 6, 7
Summer Northern upland Upland Eastern Nebraska 3, 4, 5, 6
Sunburst Northern upland Upland Eastern South Dakota 3, 4, 5, 6
† High Tide has been classified as upland based solely on phenotype (Cortese et al., 2010).  However, it is classified as lowland on the basis of nuclear DNA markers (Cortese 
et al., 2010) and plastid DNA sequences (Morris et al., 2011), suggesting that it is of hybrid origin.
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(all other regions). A sample of biomass (~300–500 g) was 
weighed, dried at 60°C, and reweighed for dry matter 
determination. All biomass yields are reported on a dry 
matter basis. Biomass harvests were conducted for 2 yr 
with the following exceptions: 1 yr for all four Maryland 
experiments, and 3 yr for all four Wisconsin experiments 
and all four Rock Springs, PA, experiments.
Biomass yield data were analyzed using linear mixed 
models analysis (Littel et al., 1996). Residuals were evaluated 
for normality and homoscedasticity using quantile-quantile 
plots and plots of residuals against predicted values (Ghasemi 
and Zahediasl, 2012). The normal distribution was found to 
be sufficient for these data, but there was significant vari-
ance heterogeneity across regions and across soil categories 
or N rates within some regions. Mixed models analysis was 
applied separately to data from each region to evaluate the 
fixed effects of cultivar, stand age, soil quality category, 
N rate, and their interactions. Blocks and all interactions 
involving blocks were assumed to be random effects in 
these analyses. Mixed models included separate residuals 
fitted for each combination of soil category and N rate, as 
necessary according to variance heterogeneity and with the 
appropriate residual structure chosen using Aikake’s infor-
mation criterion (Littel et al., 1996). The fixed effect of year 
was treated as a repeated measure with compound sym-
metry or heterogeneous compound symmetry covariance 
structures providing the best fit to the data.
Fixed effects of cultivars were evaluated on the basis 
of both P-value and percentage contribution to the sum 
of squares for all fixed effects involving cultivars. Interac-
tions of cultivars with soil quality category and N rates 
were evaluated using (i) Kendall’s t as an overall measure 
of concordance in cultivar ranks across the four environ-
mental conditions and (ii) Spearman’s rank correlation 
as a measure of the rank agreement between prime and 
marginal soils and between 0- and 100-kg N ha−1 fertil-
izer rates (Conover, 1971).
On the basis of the mixed model ANOVA results, 
the New Jersey region was split into two subsets, prime 
versus marginal soils, creating eight geographic regions 
for all subsequent analyses. For comparative purposes, 
phenotypic correlations and rank correlations were com-
puted for the cultivar means among these eight regions as 
a mechanism to evaluate the cultivar ´ region interac-
tion. Finally, the eight regions were clustered according 
to the unweighted pair-group method (UPGMA), using 
the biomass yield of the 14 cultivars as input data.
RESULTS
The main effect of soil quality was significant for six 
of the seven regions (Table 3). In Wisconsin, where 
the soil quality difference was due solely to pH, the 
effect on biomass yield was significant but small 
(5.97 Mg ha−1 for pH 7.0 vs. 5.44 Mg ha−1 for pH 
4.5; Table 4). In New Jersey, the marginal soil 
may have been impaired by an infertile A horizon 
(>10-fold difference in P concentration), causing the 
largest soil quality main effect in the experiment 
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true for New Jersey (Table 6). For New York, the cul-
tivar ´ environment interactions were stronger than for 
most sites, but there was still significant cultivar variation 
averaged across soils and N rates and a moderate level of 
concordance in cultivar rankings (Table 3).
Three fairly clear patterns emerged from the data in 
Tables 5 and 6. First, lowland cultivars tended to have 
higher biomass yield in New Jersey and both Pennsylva-
nia regions. These represented three of the four regions 
in USDA Hardiness Zones 6 and 7, with Maryland being 
the only exception. Conversely, upland cultivars tended 
to have higher biomass yield in Wisconsin, New York, 
and South Dakota, representing Hardiness Zones 4 and 5. 
Second, northern-origin lowland cultivars had higher bio-
mass yield than southern-origin lowland cultivars within 
all seven regions (Table 5). Differences between northern-
origin and southern-origin upland cultivars were unstable 
and inconsistent, not necessarily associated with specific 
characteristics of the seven regions. Lastly, the pattern 
of variation within the New Jersey region could only be 
observed by examining group means separately for each 
of the four soil quality–N treatments due to strong GE 
interactions, as evidenced by the low rank correlations 
(11.36 vs. 2.55 Mg ha−1, Table 4). Results for the other five 
sites were mixed, with biomass yields not always favored by 
the “prime” site. In two cases, Maryland and New York, this 
was due to severe weed problems during establishment on 
the prime site, resulting in an impact on biomass yield that 
lasted throughout the duration of the study (data not shown).
Likewise, the impact of N fertilizer was highly vari-
able across the seven regions (Tables 3 and 4). Application 
of N fertilizer increased biomass yield by 18 to 63% at 
New Jersey, South Dakota, and Wisconsin (P < 0.01), but 
only 5 to 9% at the two Pennsylvania regions (P < 0.01). 
Conversely, there was no effect of N fertilizer in New 
York or Maryland. Across the seven regions, the prime 
(100-kg N ha−1) treatment ranked highest in biomass yield 
of the four soil quality–fertilization treatments, with only 
Maryland and New York as exceptions (Table 4). Again, 
this was likely due to weed competition in prime plots at 
these two locations.
Cultivar means were significantly different in six of 
the seven regions, accounting for 44 to 80% of the varia-
tion associated with cultivars or cultivar ´ environment 
interactions, excluding New Jersey and New York (Table 
3). Averaged across all environmental factors, cultivar 
means were not significantly different in New Jersey due 
to the strong GE interactions. For these six regions, cul-
tivar ´ environment interactions were small compared 
with the cultivar main effect. The cultivars were selected 
to represent a wide geographic region, largely because 
the study itself represented a broad region, from USDA 
Hardiness Zone 4 to 7 and from 75 to 100° longitude, 
but also because little is known about the GE interactions 
of switchgrass cultivars associated with soil characteris-
tics. As such, much of the genetic variation in this study 
was associated with cultivar groups, described largely by 
ecotype and region of origin (Table 5), and this was also 
Table 4.  Mean biomass yield for four field experiments of switchgrass conducted under differing soil quality and nitrogen (N) 
rates within seven geographical regions.
Soil quality and N rate
New  
Jersey
Rock Springs, 
PA Maryland Wisconsin
New  
York
South  
Dakota
Rockton, 
PA
——————————————————————————————————— Mg ha−1 ———————————————————————————————————
Prime, 100 kg N ha−1 11.88 a† 9.47 a 4.34 a 7.60 a 1.65 c 6.23 a 13.20 a
Prime, 0 kg N ha−1 10.84 a 7.70 b 2.91 b 4.34 b 2.48 c 4.48 b 9.01 c
Marginal, 100 kg N ha−1 3.08 b 9.06 a 5.07 a 6.97 a 7.24 a 3.71 b 12.85 a
Marginal, 0 kg N ha−1 2.02 b 7.39 b 5.61 a 3.91 b 5.63 b 3.59 b 11.54 b
† Means followed by different letters are significantly different based on pairwise LSD (P =0.05).  These were preplanned comparisons.
Table 5. Mean biomass yield of four groups of switchgrass cultivars evaluated in seven regions.
Cultivar group n
New  
Jersey
Rock Springs, 
PA Maryland Wisconsin
New  
York
South  
Dakota
Rockton,  
PA
——————————————————————————————————— Mg ha−1 ———————————————————————————————————
Southern lowland 3 6.76 b† 8.24 c 3.42 c 2.92 d 3.74 c 1.18 d 12.40 b
Northern lowland 3 7.32 a 8.84 a 4.83 ab 4.61 c 4.08 b 3.26 c 13.58 a
Southern upland 6 7.08 ab 8.68 b 4.58 b 7.08 b 4.50 a 6.29 a 11.25 c
Northern upland 2 6.32 c 7.16 d 5.28 a 7.42 a 4.54 a 5.99 b 8.85 d
† Means followed by different letters are significantly different based on pairwise LSD (P =0.05).  These were preplanned comparisons.
Table 6. Mean biomass yield of four groups of switchgrass 
cultivars evaluated under four soil qualities and nitrogen 
levels in New Jersey.
Prime soil Marginal soil
Cultivar group n
100 kg N 
ha−1
0 kg N 
ha−1
100 kg N 
ha−1
0 kg N 
ha−1
———————————— Mg ha−1 ————————————
Southern lowland 3 12.37 a† 10.23 b 2.88 a 1.56 c
Northern lowland 3 12.01 a 12.11 a 3.22 a 1.94 bc
Southern upland 6 12.13 a 10.85 bc 3.07 a 2.26 a
Northern upland 2 10.19 b 9.81 c 3.20 a 2.10 ab
† Means followed by different letters are significantly different based on pairwise 
LSD (P =0.05).  These were preplanned comparisons.
826 www.crops.org crop science, vol. 57, march–april 2017
between soil types and N rates (Tables 3 and 6). The 
superiority of the lowland cultivars compared with the 
upland cultivars was most obvious for the prime soil, and 
the difference between northern-origin and southern-
origin lowland cultivars was observed only for the prime 
soil without N fertilizer. Group mean differences were 
very similar for the New Jersey prime location compared 
with the two Pennsylvania regions, while the New Jersey 
marginal location was something of an oddity due to low 
mean yields and relatively small differences.
There were strong GE interactions present across the 
geographic breadth of this study, as evidenced by pheno-
typic and rank correlations between regions (Table 7). 
Only 5 of 28 phenotypic correlations and 5 of 28 rank 
correlations were significant. The significant correlations 
pointed out two distinct regional groups, which can be 
seen in the cluster dendrogram (Fig. 1). One group consists 
of the two Pennsylvania regions combined with the New 
Jersey prime site. These three regions had phenotypic and 
rank correlations >0.70 (Table 7) and were the locations 
in which lowland cultivars had the greatest biomass yield 
advantage. The other group was a loose association of the 
other five regions in which upland cultivars had the bio-
mass yield advantage or there were no differences among 
cultivar groups. South Dakota and Wisconsin, the two 
regions representing Hardiness Zone 4, formed the stron-
gest association within this group, as expected according 
to results from Table 5. New York and Maryland had con-
sistently positive correlations with these two regions, but 
there were not sufficient degrees of freedom for these cor-
relations to be significant.
The general lack of GE interactions associated with 
the two environmental effects, soil quality and N fertil-
izer, are illustrated in Fig. 2. For all regions except New 
Jersey and New York, there was a fairly strong and con-
sistent relationship between the two N rates (left side of 
Fig. 2) and between the two soil quality levels (right side 
of Fig. 2). For these five regions, most of the rank changes 
between the two N rates or the two soil qualities were 
fairly minor. With the exception of New Jersey, rank cor-
relation coefficients ranged from 0.51 to 0.88 between the 
two N rates and from 0.47 to 0.85 between the two soil 
qualities (Table 3). Kendall’s t, a measure of concordance 
of cultivar rankings across the four environmental treat-
ments, ranged from 0.66 to 0.88. New Jersey was the only 
exception, with low rank correlations, low concordance, 
and clearly little relationship between N rates or soil qual-
ities (Table 3, Fig. 2).
Lastly, the GE interaction on a broad scale, across 
regions, can be placed in context using mean cultivar rank-
ings within each region, again treating the New Jersey 
prime and marginal sites as two distinct regions (Table 8). 
Seven of the fourteen switchgrass cultivars in the experi-
ment ranked as the top cultivar for at least one of these eight 
regions, illustrating the very strong GE interaction across 
the breadth of these regions. Even within the two groups 
of fairly similar regions, as shown in the cluster dendro-
gram (Fig. 1), different regions ranked a different cultivar 
as the top cultivar (e.g., ‘Cave-in-Rock’ in Wisconsin, 
‘Carthage’ in South Dakota, ‘Blackwell’ in Maryland, and 
‘Kanlow’ and ‘KY 1625’ in New York). The same was 
true in the other cluster group, with ‘Timber’, Kanlow, 
and Carthage ranking highest at these three sites.
DISCUSSION
Prime versus Marginal Growing Conditions
The inconsistent differences between prime and marginal 
sites on the basis of overall means indicated that predic-
tions of “good” versus “bad” sites to grow switchgrass for 
Table 7. Phenotypic correlation coefficients (above the diagonal) and rank correlation coefficients (below the diagonal) for mean 
biomass yield estimated in seven geographical regions, with one region (New Jersey) split into prime soil and marginal soil.†
New Jersey 
prime
New Jersey 
marginal
Rock Springs, 
PA Maryland Wisconsin
New  
York
South  
Dakota
Rockton,  
PA
New Jersey prime 0.07 0.82 −0.28 −0.22 0.12 0.03 0.71
New Jersey marginal 0.13 −0.01 0.23 0.34 −0.23 0.14 −0.21
Rock Springs, PA 0.75 0.02 −0.30 −0.13 0.40 0.14 0.83
Maryland −0.20 0.05 −0.18 0.45 0.07 0.42 −0.21
Wisconsin −0.27 0.30 −0.16 0.44 0.43 0.75 −0.52
New York 0.17 −0.04 0.43 0.11 0.39 0.69 0.69
South Dakota 0.08 0.12 0.21 0.34 0.56 0.71 −0.17
Rockton, PA 0.71 −0.19 0.84 −0.12 −0.53 0.16 −0.05
† Critical values for significance are 0.53 (P = 0.05) and 0.66 (P = 0.01).
Fig. 1. Cluster dendrogram showing linkages between eight 
switchgrass evaluation regions based on the mean biomass yield 
of 14 cultivars evaluated in four experiments per region (or two 
experiments within each of the two New Jersey regions). PA-R, 
Rockton, PA; PA-RS, Rock Springs, PA.
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biomass are not always accurate. The study was focused on 
creating clear and obvious differences in soil characteris-
tics with minimal confounding of climatic factors between 
pairs of locations within a region. Confounding factors, 
such as differential weediness observed in New York and 
Maryland, may be impossible to predict and control. While 
the experiment at Hancock was ideal, it is rare to find such 
a clear and distinct design arrangement that isolates a single 
soil factor, such as pH, which is possible only after many 
years of repeated soil amendments. Despite this shortcom-
ing, some conclusions are possible from this study.
Nitrogen fertilization studies conducted in the Great 
Plains area of the United States suggest that ~10 kg N ha−1 
is required for each additional Mg ha−1 of dry biomass yield 
(Casler et al., 2012). Parrish and Fike (2005) describe the 
issue of N requirements for biomass yield as “unsettled.” 
A meta-analysis of numerous published reports supports 
Parrish and Fike’s conclusions, especially for the lowland 
ecotype (Wullschleger et al., 2010). As observed in the cur-
rent study, high rates of N fertilization do not guarantee 
high biomass yields, or a significant response to N fertilizer. 
In the current study, biomass yield under the high N rate 
ranged from 10 to 76% higher than in sites without nitro-
gen fertilizer, with nine positive responses and five neutral 
responses (Table 4). Hong et al. (2014) found significant 
responses to N fertilization in only 6 of 19 location-years 
and one negative response, interestingly at the same loca-
tion where we observed a negative response (Ithaca, NY). 
The average N response of this study was 1.54 Mg ha−1, 
a 26% increase, while the maximum was 4.19 Mg ha−1, a 
78% increase, both far lower than the generalized response 
suggested by Casler et al. (2012). The largest responses 
occurred at the sites with the highest biomass yields, and 
many of our sites had extremely low yields, generally at the 
low end of values in the meta-analysis of Wullschleger et al. 
(2010). For many of these sites, it is likely that soil N was not 
a factor limiting biomass yield.
Of the 14 soil quality sites within the seven regions, 
only five (the New Jersey prime site and all four Penn-
sylvania sites) had mean biomass yields that would rank 
moderate to high against published literature (Wul-
lschleger et al., 2010) or be considered economically 
sustainable when compared with the production costs of 
Perrin et al. (2008). This is the first report that grow-
ing conditions in New Jersey can produce competitive 
switchrass yields compared with other regions of the 
country. Clearly there were other factors limiting biomass 
yield at many of these sites, and some of these factors likely 
played a role in limiting N responses as well. While it 
is tempting to blame high soil N as a factor that tends 
to cause reduced or null responses to N fertilization, the 
extremely low biomass yields at many of these sites (Table 4) 
suggest that there are probably other environmental fac-
tors limiting biomass yield.
Fig. 2. Scatterplots of 14 switchgrass cultivars, showing the 
relationships of mean biomass yield for nitrogen-fertilized plots 
versus unfertilized plots (left side) and plots on prime versus 
marginal soil (right side) for seven evaluation regions (top to bottom: 
NJ, New Jersey; PA-RS, Rock Springs, PA; MD, Maryland; WI, 
Wisconsin; NY, New York; SD, South Dakota; and PA-R, Rockton, 
PA). Note that scale varies across the 14 panels.
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Our ability to create differential environmental con-
ditions on the basis of soil quality was also characterized 
by inconsistent responses. There was a small and signifi-
cant response to pH in Wisconsin and a large response 
to differential P fertility of the A horizon in New Jersey. 
Soil quality effects within the remaining five regions were 
based on an assumption that soil drainage would have an 
impact on biomass yields. For those sites with differen-
tial depth of AB horizons, we expected the shallower AB 
horizons to result in lower yields, more stress, and per-
haps differential cultivar rankings. There is precedent that 
reduced depth of AB horizons overlying a claypan results 
in reduced switchgrass biomass yields (Yost et al., 2017). 
Across the regions of our study, however, this effect was 
highly variable and unpredictable. Switchgrass is a highly 
resilient species, capable of a considerable amount of phe-
notypic plasticity in response to environmental stimuli 
(Casler et al., 2004, 2007). In all likelihood, New Jersey 
was the only region in which significant additional stress 
was placed on the switchgrass plants due to soil quality. 
For the remaining six regions, the impact of the soil qual-
ity factor on biomass yield of switchgrass, while often 
significant and repeatable, was not sufficient to drastically 
alter either the mean yield or the cultivar rankings, with 
the sole exception of New York. This was also observed 
in the study of Casler et al. (2007)—across numerous field 
sites, the effects of temperature, photoperiod, and precipi-
tation were so large that soil quality effects could not be 
detected. Unfortunately, the cultivar ´ soil quality inter-
action in New York could not be attributed to a single 
factor due to severe confounding between drainage and 
weediness. The extremely low biomass yields of the prime 
New York site suggest that weediness may have been the 
dominant environmental factor between the prime and 
marginal sites in New York, possibly causing the GE 
interaction observed at this location (Table 3, Fig. 2).
Implications for Switchgrass Breeding  
and Evaluation
Breeding and evaluating new cultivars of switchgrass is 
heavily complicated by GE interactions. Temperature and 
photoperiod are the two most dominant environmental 
factors that regulate GE interactions, such that usual cul-
tivar recommendations involve deployment of a cultivar 
no more than one hardiness zone from its site of origin 
(Casler et al., 2007; Casler, 2012). Precipitation also has an 
impact on adaptation and ranking of cultivars: cultivars of 
eastern origin are not adapted to extreme dryland condi-
tions, and cultivars of western origin tend to succumb to 
severe disease problems in the more humid eastern United 
States (Berdahl et al., 2005; Casler et al., 2007; Casler, 
2012). On the basis of these studies, one proposal has sug-
gested a need for at least eight regional breeding pools of 
switchgrass germplasm to optimize biomass yields within 
each region (Casler, 2012; Casler et al., 2015). Two of these 
breeding pools would be located in the north-central and 
northeastern United States.
Our study supports this proposal, specifically in the 
need for distinct breeding populations and cultivars in 
the northcentral versus northeastern United States. The 
three most productive sites in our study—the prime New 
Jersey site and the four Pennsylvania sites—had highly 
unique cultivar rankings, especially compared with those 
observed in South Dakota and Wisconsin. These five sites 
clearly favored lowland cultivars over upland cultivars, 
while the South Dakota and Wisconsin sites showed the 
opposite response, as they have done in numerous previ-
ous studies (Casler, 2012; Casler et al., 2015). Results from 
Table 8.  Mean rank value for biomass yield of 14 switchgrass cultivars evaluated in four experiments within each of eight 
regions (lowest possible value = 1, corresponding to the highest mean yield, and highest possible value = 14, corresponding 
to the lowest mean yield).
Cultivar†
New Jersey 
prime‡
New Jersey 
marginal‡
Rock Springs, 
PA Maryland Wisconsin
New  
York
South  
Dakota
Rockton,  
PA
Alamo 8 13 6 14 14 8 11 3
Blackwell 9 10 5 5 6 2 5 6
BoMaster 4 7 6 11 12 9 10 6
Carthage 5 6 3 8 7 5 2 6
Cave-in-Rock 6 5 4 12 1 7 8 8
High Tide 7 9 8 10 10 11 12 9
Kanlow 7 7 8 3 11 8 6 1
KY 1625 11 3 10 3 4 12 10 11
Pathfinder 11 6 13 9 6 7 2 14
Performer 10 12 12 8 13 12 13 9
Shawnee 5 11 5 6 5 6 4 6
Summer 14 4 9 7 5 5 6 11
Sunburst 13 9 13 3 3 8 5 14
Timber 2 6 4 6 9 6 9 3
† Highest-ranked cultivar within each column, including ties.  Rankings were computed from cultivar means within four field trials (or two for the two New Jersey sites), then 
mean ranks were computed across the field trials within the eight regions above.
‡ Ranks were averaged across only two field trials for New Jersey prime and marginal sites.
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the marginal New Jersey site, Maryland, and New York 
were more equivocal, but that may have simply been due 
to the low biomass yields at these sites, compressing vari-
ability among cultivars and limiting the ability of some 
cultivars to express their phenotype. Currently, there are 
three breeding programs in the northeastern United States 
or eastern Canada (New Jersey, New York, and Québec). 
Each of these programs is based on the use of both upland 
and lowland germplasm, largely as independent popu-
lations undergoing selection for high biomass yield and 
adaptation to local conditions. Because both upland and 
lowland cultivars performed well in the eastern regions of 
this study, there is clearly merit in continuing to breed both 
ecotypes within the eastern United States and Canada.
More problematic and more difficult to resolve, 
though, is the question of soil quality and specifically 
how switchgrass breeders should develop cultivars for use 
on marginal sites. Through the use of paired sites within 
regions, we successfully eliminated pH as a factor poten-
tially affecting switchgrass cultivar rankings. While we 
have not eliminated soil drainage as a potential factor, 
it was clear from this study that it was not an important 
factor at the level it was represented. Switchgrass pos-
sesses genetic variability for drought tolerance, which is 
expressed as cultivar variation in response to drought (Byrd 
and May, 2000; Aspinwall et al., 2013). This variability is 
probably partly responsible for the GE interactions that 
are manifested as east–west adaptive limitations, especially 
between the more arid Great Plains and the more humid 
eastern United States (Casler et al., 2007). There is also 
some evidence for genetic variation in flooding tolerance, 
with the lowland ecotype showing significantly better 
adaptation to flooded soils (Porter, 1966). We found no 
evidence or corroboration for that in the current study, 
probably because the proper environmental conditions 
were not sufficiently expressed.
In contrast, the difference in depth and fertility of the 
A horizon of the two New Jersey sites had a significant 
influence on both mean biomass yield and cultivar rank-
ings. The impact of this factor was so great as to make 
the New Jersey prime site appear most similar to the 
two high-yielding Pennsylvania sites and the New Jersey 
marginal site appear most similar to the other sites with 
relatively low biomass yields (Fig. 1). This result is similar 
to recent results of Brown et al. (2016), who showed that 
topsoil replacement was essential to achieve high biomass 
yields on reclaimed mines. While switchgrass is inher-
ently a P-thrifty species, fertilization with P can result 
in increased biomass yields, indicating that P can be lim-
iting at some sites (Parrish and Fike, 2005). We suspect 
that the GE interactions observed in New Jersey may be 
due to a combination of both differential P and differ-
ential depth of the A horizon. Furthermore, there was a 
strong interaction between cultivars and reclaimed mine 
sites that differed in presence or absence of topsoil, with 
a strong negative rank correlation between sites (Marra et 
al., 2013), results that were remarkably similar to those of 
the New Jersey sites.
Finally, this is the first study to comprehensively exam-
ine the specific interaction of switchgrass cultivars with N 
fertilization rates. This interaction dramatically affected 
the relative performance of the four cultivar groups in 
New Jersey, but not within the other six regions. This 
result implies that N fertilization does not, in general, 
affect switchgrass cultivar rankings and, by extension, 
should not affect breeding objectives (i.e., new cultivars 
bred under conditions of N fertilization should still be 
superior when no N fertilizer is applied). However, such a 
conclusion ignores several fundamental lines of reasoning 
that point to the opposite conclusion.
First, if Sewell Wright’s theory of shifting balance 
is correct (Wright, 1982), breeders must recognize this 
before creating breeding objectives and setting long-
term goals. The shifting balance theory supports the 
age-old breeder’s axiom, “you get what you select for,” 
as in there are multiple fitness peaks and multiple selec-
tion landscapes, and maximizing breeding goals requires 
breeders to choose the proper landscape for the desired 
goal. Rose et al. (2007) reported a rank correlation coef-
ficient of only 0.14 for 40 switchgrass genotypes evaluated 
in HYEs versus LYEs. Furthermore, they showed higher 
rates of gain from selection for high biomass yield in the 
LYE compared with the HYE. Nitrogen fertilization was 
one of the principal factors differing between HYEs and 
LYEs (90 vs. 0 kg N ha−1).
Second, application of N fertilizer to switchgrass 
breeding nurseries completely eliminates the possibility 
of discovering and taking advantage of microbial associa-
tions that would allow switchgrass to use atmospheric N 
in its growth cycle (Veresoglou et al., 2011). Associations 
of perennial C4 grasses with N-fixing microbes have been 
known for many years (Brejda et al., 1994; Boddey et al., 
2003; Miyamoto et al., 2004) and may be a mechanism to 
develop switchgrass cultivars that are better able to scav-
enge N and other nutrients from the soil.
Third, perennial grasses such as switchgrass recycle 
much of their tissue N into root and crown tissues for the 
winter dormancy period (Lemus et al., 2008; Schwartz and 
Amasino, 2013). There is considerable genetic variation for 
N concentration in the biomass and for recycling efficiencies 
(Yang et al., 2009). There is also genetic variation within 
switchgrass for N requirement; Porter (1966) showed that 
severe reductions in available N reduced biomass of the 
lowland ecotype by only 42%, but reduced biomass of the 
upland ecotype by 73%. Repeated applications of N fertil-
izer to breeding nurseries would eliminate the opportunity 
to select genotypes with better N-scavenging ability and 
lower N requirements for normal growth.
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Fourth, N fertilizer is the single most expensive input 
in a switchgrass biomass production system (Perrin et al., 
2008). Nitrogen fertilization leads to higher concentrations 
of N in the biomass, which is removed on harvest (Lemus et 
al., 2008; Jung and Lal, 2011) and is wasted, even detrimen-
tal, once it enters any type of thermochemical conversion 
pipeline (McKendry, 2002; Boateng et al., 2006). Nitrogen 
fertilization also leads to increased N2O emissions, a harm-
ful greenhouse gas (Erisman et al., 2010). Furthermore, N 
fertilization is an inefficient process, with increasing rates 
of N resulting in reduced N-use efficiency and N recovery 
(Lemus et al., 2008; Owens et al., 2013).
CONCLUSIONS
If the development of switchgrass as a sustainable bio-
mass feedstock depends on its extensive use on marginal 
lands, switchgrass breeders should find a mechanism to 
conduct their breeding and evaluation research on quali-
fied marginal lands. As Richards et al. (2014) pointed 
out, marginal lands can be marginal for a number of rea-
sons, sometimes multiple reasons, as is the case with the 
manipulated “marginal” environment (the LYE) of Rose 
et al. (2007). Breeding resources (i.e., time and funding) 
are too scarce to define multiple types of marginal lands 
and conduct independent breeding programs under differ-
ent environmental conditions. Rather, breeders must be 
content to define a type of environment that is accessible, 
repeatable, affordable, and workable within time and bud-
getary constraints. As in the case of Rose et al. (2007), this 
may involve reducing or eliminating a number of inputs 
and resources, such as irrigation, fertilizer, herbicides, etc.
Breeding switchgrass under high-input or optimal 
conditions for commercial production of switchgrass 
under low-input or marginal conditions is a form of indi-
rect selection (i.e., selection of one trait to obtain a positive 
correlated response in another trait). In practice, indi-
rect selection often fails because the genetic correlation 
between the selected trait and the response trait are small 
or nonexistent, as in the case of Rose et al. (2007) with 
HYEs and LYEs. Brummer and Casler (2014) provide 
a number of examples illustrating this principle. A fur-
ther disadvantage of indirect selection would arise under 
shifting balance, which could easily prevent a long-term, 
indirect-selection program from achieving its ultimate 
goal (Wright, 1982).
There are two potentially complicating factors to 
drawing a final conclusion that all switchgrass breeding 
for high-biomass cultivars should be conducted under 
low-input conditions that do not include N fertilizer appli-
cations. First, switchgrass is currently under production 
to generate biomass for combustion in the eastern United 
States and Canada. Many of these production regions 
overlap with livestock production areas, creating the pos-
sibility of using manure to fertilize switchgrass intended 
for biomass production (Lee et al., 2007). Frequent or 
repeated use of manure on switchgrass could elevate pro-
duction fields to “prime” status by increasing soil fertility 
and organic matter. If, as suggested by Rose et al. (2007), 
switchgrass selected and developed in low-input environ-
ments is also superior in high-input environments, all the 
better. However, a shifting balance scenario could have 
the same impact as described above if the long-term selec-
tion process concentrates only on those alleles that allow 
the plants to perform well in low-input environments.
Second, the extensive use of switchgrass as a bio-
mass crop in buffer strips along surface waters could also 
create “prime” production environments without con-
sciously using high-input approaches. Most surface waters 
are located at the bottom of valleys, glens, or dales that 
channel runoff to the buffer strip. Runoff would contain 
sediments and nutrients that would benefit the switchgrass 
crop, potentially resulting in similar effects as manure-
treated switchgrass described above.
In the end, these decisions will lie with each individ-
ual breeder, being dependent on many factors including 
funding, land and labor restrictions, accessibility of field 
sites, perceptions of local production needs and strate-
gies, and politics. The last factor overarches nearly every 
decision a breeder would make, from the initial decisions 
about setting up the breeding program (funding availabil-
ity and restrictions) all the way to the final production 
scenario for the new cultivar (government support and 
policies regarding biomass crop production).
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